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HSP110-HER2/w£rii Chaperone Complex Vaccine Induces 
Protective Immunity Against Spontaneous Mammary Tumors 
in BER'2/neu Transgenic Mice^ 

Masoud H. Manjai,^* Xiang-Yang Wang * Xing Chen,* Thomas Martin,* 
Elizabeth A. Repasky,^ Robert Henderson,^ and John R- Subjeck^* 

Heat shock proteins (HSPs) are shown to be strong immunoadjuvants, clidting both innate and adaptive immune responses 
against cancCrS* HSPllO is related in sequence to HSP70 and Is -4-fold more efficient in binding to and stabilising denatured 
protein substrates compared with HSP70. In the present study we evaluated tho ahlUty of a heat shock complex of FSPllO with 
the intraceUular domain (ICD) of human HER-Iineu to cUcit effective antitumor immune responses and to inhibit spontaneous 
manimary tumors in FVB-mrK (FYBN202) transgenic mice. The HSPtlO-lCD complex was capable of brenldng tolerance against 
the rat neu protem and inhibithig spontaneous mammary mmor devclopracnL This vaccine induced iCD-speciflc iFN-y and lL-4 
production. Depletion studies revealed that CDS'" T cclU were involved in protection against challenge with mouse mammary 
tumors, whereas T ceDs rcvcuJcd partial protection. Increased lgG2a Ab titer In the sera of tumor-frce animah alter 

vaccination and elevated CD4^ CD25^ regulatory T cells in the PBL of tumor-bcaring animals suggested that IFN-r-pro«iacing 
Thl cells may be responsible for partial protection of CIM-^ T cells against the mammary tumor chaUenge, whereas CD4*CD25-^ 
regulatory T ceUs (Th2 cells) may suppress the antitumor Immune responses. Together, these results suggest that HSPllO-ICB 
complex can elicit effective IFN-y-producing T cells against spontaneous mammary tumors and that wp-regulation of CD4"^ 
CD25"^ regulatory T cells may prevent complete eradication of the tumor foHowing immunotherapy. The Journal of Immunology, 
2003, 171: 4054-4061. 



Certain heai shock prowins (tlSPs)^ have been shown to 
act as cffcciive vaccines against a cancer when they are 
purified from the same cancer (1-5). This sipproach takes 
advantage of dit: pepiide-binding properties of these stress pro- 
teins, which is also responsible for their functions as molecular 
chapcroncs in numerous processes (6, 7). Immunoadjwvant prop- 
erties of HSPs stem from daeir ability 1) w induce APCs to sccrcie 
proinflammatory cytokines, such as TL-ip, lL-6, ILf12, and TNF-ot, 
thai induce irmaie iminurdty (7-10); 2) to shuttle ihc associaied Ag to 
boih MHC class I and MHC chiss fl Ag piescnmiion pathways that 
provide the immune system wilh signal I (1 1, 12); and 3) lo up- 
regulatc costimalaioEy raolccultt on APCs that provide ihe immune 
sysi6m with signal D (12-14). Therefore, HSP^ interact with APCs 
via specific receptors and act as a double-edge sword, sh'mulaiiog both 
innate and adaptive immune rcspotiscs. 
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HSPl 10 is a lai^ge stress proicin that is disuinUy related in sfr- 
qufiflce to the HSP70 iamily. It has been shown to be ^4-fold more 
efficient in binding to and sUlbilizing dcnammi protein subsirmes 
compared wilh HSP70 (5, 15). ITiis strong diaperonipg property of 
HSPIJO allows it to not only bhid repon^r proteins w^fid io chap- 
eroning studies, but also to bind impoiwni ninaor protein Ags, thereby 
defining a new approach to heat shook vaccine formulation. 

We have recently examined this HSP-based vaccine strategy 
using ihe chaperoning function of HSPl 10 to generate ft natural 
noDcovalent complex wilh the mtracellular domain (ICD) of HER- 
Uneu (16). We showed thai HSPl 10 formed a noncovalcni binding 
complex wilh ICD at an -1/1 molar ratio (16). This vaccine was 
csi>abl6 of eliciting an TCD-specific immune response in A2/Kb 
trwisgenic mice. Both CW*" and CDS"^ T cells were involved in 
Ihe TCD-specific IFN-7 production, as determined by ELlSPOT 
assay* following depletion of CIM"^ and/or CPS^ T cells in vivo 
(16). We have made similar findings using melanoma gp 100 in a 
DOQCovalcni complex with HSPl 10. This HSPl 10-gplOO complex 
elicited antitumor immune responses against the gplOO-overex- 
pressing B16 melanoma cells (5). 

HER-2/n^ was sclccicd as an Ag of choice, since il is a well- 
known breast tumor-aasociated Ag dial has been targeted for tm- 
munolherapy of human breast and ovarian cancers (17-20), Eval- 
uation of the antitumor potential of ihe HSPllO-ICD vaccine 
approach requires an animal model that resembles human breast 
cancer in vivo. FVBN302 transgenic mice arc transgenic for the rat 
neii oncogene and thus are luder severe genetic pressure to de- 
velop spontaneous breast tumors (21, 22)* By tho lime animals arc 
6-10 mo of age (ooircspor^ding to human middle agc)^ 100% of 
animulfl develop mammary tumors. The devdopmcni and hisiol- 
ogy of tlicsc mummary tumors bius a striking resemblance to those 
seen in hwnun breast cancer. Most human breast cancer patients have 
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prc-cxisiins Immunity against HER-TJneu, whcrcaa FVBN202 
iTSnsgenic mice do flot have Such pre-existing immudity. Thus> 
brcBking tolerance against the ncu proicin is necessary lo gcnemie 
antiuirtkor Immunicy against the tumor (23, 24). 

To evaluate the ability ofHSPl 10-ICD complex to inhibit spon- 
taneous mammary tumor, wc used human (h) LCD, which is 92% 
homologous to rat (r) ICD. It has been shown previously that hu- 
man HER.-2/na/ can brtok tolerance aguinsi rat ncti protein (25). 
We investigate here the ability or the HSPUO-ICD complex to 
break tolerance agamsv the neu protein and to inhibit spontaneous 
mammary tumors in the FVBN202 transgenic mice. We also in- 
vestigaie the mechanisms for the development of mammary m- 
mors and the failure of immunotherapy to compkiely eradicate the 
tumor We found ihat induced IFN-v-sccrctrng T cells were 
volved in the antitumor protection. Since it was previously re- 
ported diat breast cancer patients have elevated CD4'*' CD25* 
regulatory T cells in their peripheral blood compared with heahhy 
individuals (26), wc investigated whether up-regulacion of these 
regubtory/supprcssor T cells may favor mmor development and 
prevent complete ^adication of mammary tumort in FVBN202 
transgenic mice. Wc found that the development of spontaneous 
mammary tumor coincided with the up-regulation of CIM"^ 
0025^^ T cells. 

Materials and Methods 

Animais 

FVBN202 is o mtrtUU transEcnic mOUSi rtiodcl in which 100% orfemalos 
develop BponimiftOUS mammary lumors ty 8-10 mn of age, with many 
iTcaturcs similar lo human hrcasi cancer. These mice ovoexpre^ii an unjic- 
livatcd rat neu transgenc under the Tcgobuotl of mowe manumiry lumor 
vims (MMTV) promowr (21). The FVBN202 iransgcnic mice wer« 
provided by Dr. A, Sood CRoawcll ?urk Cancer Instiiuic. Builalo, UY), and 
fiumalcs were used in the present study. 

Rscombinani proteins 

Mouse recombinant HSPllO was made usinB the pBacPAK,His vector 
CaoniEch Lnhoraiories, Palo Alto, CA). This vector-carrying HSPIlOgcnc 
is colmnsfected With BacPAK6 vh-al DNA into SfZl insect cells using a 
BacPAKTM Bacnlovirus Expression System Kit (Cionuch Laboraiortes), 
followed by omplirication of the recombinanl virus and puriiicaiiDn of 
HSPl 10 proicin using nickel-chelated-nilrilotriacetic acid-agaTOse by using 
a protein assay Vit (Bio-Radp Hercules, Ca), Humnn and rai recombinant 
ICD were provided by Dr. R. Henderson (Corixa Corp., Seaule, WA). 
Endotoxin levels in rcoombinani proteins (^30-50 endotoxin units/ing 
protein) were nica.iured using a Limutus wncbocyte lyaaic kit (DioWhit- 
Uiker. WallcefSVillc, MD}. 

Preparation of MSPUO-ICD complex 

The HSPIIO-ICD complex WOS generated as previously described (16). 
Briefly, HSPl ID was incubated with ICD in a ]/l idoIut ratio ai 43''C for 
3D min and ihen fti ST'C for 1 h. Binding wus evaluated by immunoprc- 
cipilulion using rabbic anti-mouse HSPl 10 antiserum (1/200) and protein 
A/Scpharose CL-4B (20 }AJm\\ Amersham Pharmacia fiiolech* UplVtala, 
Sweden). Samples v/ere titcn mbjected to SDS-PAGE (10%), fbUowed by 
either GeL-Bluc Staining or probing with mouse ami-human ICD antiserum 
(1/10,000; Corixa Corp.) m a Wescem Vlor analysis uang HRP-conjugftted 
sheep anu-mousc IgG (1/5,000; An:\crsham Pharmacia BiClMh, Piscai- 
away, NJ). The results indieaicd that HSPl 10 chaperunes ICD in an -^1/1 
molar lado (l6). 

Tumor cdi lines 

Mouse mammary lumor cells (MMTQ overexprcssing the ndU pfowin and 
the ncu Ag-nepitive vurianc (ANV) of mmtC with low expression of the 
neu protein were supplied by Dr. K. Knutson (Universiiy of Washingion, 
Scatde, WA). MiVlTC was derived from ncu-overexprcssing spontaneous 
mofninaiy tiini*sr3 developed in (^VBN202 cfansgcnic mice. ANV was uro 
pared by erowtng MMTC in parental FVB mice in which ncu expression 
was supprcased under immune pressure, and clone? wfth normal ncu ex- 
pression were selected and expanded. Both cell lines wwe Culnjuod in 
RPMl 1640 aupplemenced wiih 10% PBS. Plates that were uniformly cu- 



bical epithelial eells widi ove/exprcssion of ncu (MMTC) or low expres- 
sion of neu (/^V) were frozen, then lhawcd as needed, Smining for nCU 
protein expression was conducted periodically, uaing c-neu Ah (Ab-4; On- 
cogene Research Producii, San Diego. CA) in a flow cymmBiiy^ed 
analysis. 

EUSPOT 

The ICD-specific T ecll responses by the immunisted animals were evalu- 
ated using an ELISPOT assay as described previously (16), Briefly, 96- 
well filtration plaics (Millipofe, Bedford, MA) were coaled with 10 /ig/rnl 
of rat anti-mouse IFN-y (BD PharMingen, San DiegO, CA) or rnl onii- 
mousa TL-4 Ab (efliosciwicc. San Diego, CA) and subscqucnily blocked 
wiih RPMI 1640 medium containing 10% f BS. RBC were lyscd by Tris- 
NH4CI, and 50 lA of the splenocyteB (5X10* cells/well) wer(s added to ihc 
wells and xncubaicd with 50 ^1 of Con A (5 fig/n»l), rICD (10 iL^mi\ 
hlCD (20 fig/ml), orHSPl 10 (20 /tg^ral) in complete medium (10% FBS. 
penicillin/Streptomycin (50 U/ml), L-gluwnine (2 mM), and 2-ME (1 
mM)) at 37*C in an wiYiosphcrc of S% COj for 20-24 h. The pkies were 
dicn washed extensively and incubaled With 5 ^g/ml biotinylated onli- 
mouse IFN-V (BD PhftrMingen) or biotinylated onri-mousc IL-4 Ab (cBio- 
sdcnce), followed by pulsing with 0^ U/ml alkaline phosphatase avidin D 
CVccior Laboratories, Suriingainc^ CA). Positive spots were developed by 
addmg 50 /il/wcll 3-brt>mO-4-chloro-3kindolyl-pl)osphatc/flitro blue tctra- 
zolium iOluiion (Roche, Indianapolis, IN) und were counted using a Vision 
EUSPOT reader (Cari Zeiss. New York, NY). 

Depletion o/T cell subset; 

In vtvo dcplciion of T cell subsets was conducted us described previously 
(27). The GKJ.5 (and-CD4) and 2.43 (antj-CD8) hybridomas wens pro- 
vided by Or, D. Pardoll [Tho Johns Hopkins Univcrelcy. BuUimorc, MD), 
and The Abs were purified by ammonium sulfate picdpiiaiion from ascites 
of SCID mice injeeied i,p. with die hybridoma cells. The dcplctians were 
Started 4 days before the tumor challenge. Bach animal was injected i.p. 
with 250 p.g of the mAbs on 3 subsequent days berore and twice a week 
after die challenge. Animals were depleted of CD4^, CDS'", or CD4*/ 
CDS"^ T cells, Depleiion of the lymphocyte subsets was assessed on the 
day of challenge and weekly thereatter by FACS analysis of splenocytes 
stained with mAbs GKl.S or 2,43, followed by FITC^njugaied rat anti- 
mouse IgG (BD PharMingen), For each lime point anotysiSi >95% of the 
appropriau: subset wus achieved. The perteniage of CD4* T cells did not 
change after CDS* T cell depletion, and pcpecntage of CDS"^ T cells also 
dEd not change after CD4'^ T cell depletion. 

Tumor growth 

Tumor volume (V) was calculated by: V = L X W2/2 for each nmior, 
where L is tumOr length, and W is tUrtWr width, and loial tumor burden was 
calculated by the sum of the tumor vohimca in cuch mouse. Mice were 
sacrificed before a mmor mass exceeded 2 cm in diameter. 

EUSA 

IgGl and IbG2q Ab responses were measured in the sera of tumor-ftw and 
tumor-bearing animals using ELlSA. Bridly. 96-well £L1SA plates were 
coaced with rlCD (20 juLg/ml) or HSPl 10 (20 Mg/ml), then blocked wid> 2% 
skim milk in PBS alWr incubation at 4*C ovemi^L After washing with 
PBS/0.05^ Tween 20, wells were added with 5-fbld serial dilutions of the 
sera startmg at 1/30, icn incubated at room tempemlure for I h, washed 
three limes, and added wiih I'lRP-oonjugatcd goat ami -mouse IgGl or 
TgG2a Abs (Caltiie, Burlingamc, OA). The rcacaons were developed by 
adding 100 /xlAvell of the TMB MicrOWCll peroxidase Subsqraic (ICierkeg- 
aard & Perry, Gaithersburg. MD) and reading at 450 nm after stopping the 
reuiilion with 50 p.1 of 2 M HaSO^. The specificity of the binding was 
assessed by testing these sera against an irrelevant protein. Data arc pre- 
sented as mean vulues for each Ab isOiype. Mouse nnii-HER-2//i«* Ab 
(Corixa Corp.) was used as a positive conttol. 

Western blot 

Tumor lysates were prepared by mechanical disruption in liquid nitrogen, 
then homogenized and sonicated in RIPA buffer containing 20 mM Tris 
(pH 8.0), 137 mM NaCl, 10% glycerol, l%NonidecP-40.0.1%SDS,0.5% 
sodium dcoxychotaid, 2 mM EDTA, I mM PMSF, 1 X CompUte Protease 
Inhibitors (Roche). Aliquots of the fysates containing 20 fig oPpraccin were 
boilwl and subjected to ckcirophortsaia on 12% denfttur iag SDS-pOlyflwyl- 
amidc. Gels were then cranafcned to nilTOCellulo.ie membranes (Life Tech- 
nologies, Gaiiheraburg, MD) and bloncd with mouse anti-HER-2/ncu Ab 
(1/ 10.000; Corixa Corp,) followed by mcubation with HRP-cOruugated 
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sheep anri-mouBc l^O Ab (1:5000; Amcfshain Phacmacia Biotech, Piica^ 
iflway,NJ)iind 1 min incubalion of the mcmbrartC wiUi chemiluralnesccnce 
(ECL) reugetu (PcrWnElmCT Life Sciences, Boston, MA). 

Flow cyiomerry 

Flow cytometry-bwcd onalysis was per&miHl as tocribed previously 
(2B). All the procedure was conducted on ice, and wflBhins steps were 
perfarmed with aPBS-1% sodiujp azidc 10 ovoid intcnittliziiii On/recycling 
of the recepiori. To measure expression of CD4 oitd/or CP25 molecules on 
T eellfl, double siaming flow cytometry-baaKl analysis was conducted us- 
ing FlTC-oOnjvigatcd anti-mouic CD4 nnd PE-C0»|Jugaicd nnii-mousc 
CD25 (BD Phflrivfingcp, Sun Diego, Colifoniiu). PBL were incubated with 
Ttis-NlUCl « room tempcrarafe for 5 rain 10 lyse RBC Cells were then 
washed twice with PBS-1% sodium ozide imd blocked by odding die Fc 
blocker Ab, mt iinii*mouac CD16/CD32 (03 mS'^OO x 10* cells; BD 
PharMingcn), while sitdng on ice for 20 min, followed by washing cwice 
in cold PBS/1% sodium ozidc. Cells were then siained with FITC-cOnju- 
galed anil.CD4 and PE^nJUgated enti-CD25 (0.3 Afi/200 X |0* 
cells). Cells were finally washed and fixed with 1% ultra pure formalde- 
hyde and read by FACScpn within 24 h. Data are preswiied OS ilic mean 
fluoicacencB iniensijy (MFl), and representative results ftre diso presented 
as a doi plot. 

Statistical anal)fses 

Results were analyzed using Snidenl'i J lesi. A value o{ p < 0.05 was 
considered aignificanL 

Results 

HSPUO'ICO complex breaks talerartce against rICD by 
generating A^specific T cells 

To determine whether the HSPl 10-lCD complcfx may break tol- 
erance against nu ncu protein in the FVBN202 transgenic mouse, 
an ELTSPOT fissay was performed using splcnocyies derived 6om 
ihe Immunized nnd naive animals. We evaluated sdmulation of 
ICD-spccific IFN-y- and IL-4-secreting T cells 10 determine 
whether HSPllO-ICD complex may stimulaie CDS* T cells 
and/or ThI celU as well as CIM"^ Th2 cells. All animals were ~4 
mo of age when sacrificed, and their splcnocyles were subjected to 
ELlSPOT assay. AH animals revealed similar responsiveness lo 
Con A (Fig. 1, and 5). Naive and iCD-immunizcd animals did 
not show marked IFN-y or IL-4 secretion upon in viiro stimulation 
with hlCD or rlCD. On ihc other hand, animals immuni^ted with 
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FIGURE 1. The liSPl 10-lCD complex elicits ICD-spccitie IFN-y- and 
TL-4-producing T cell responses. Six- to 8-wk-old FVBN202 tranagenic 
mice (five mice per group) were immunized i.p. with the HSPl 10-lCO 
complex (■) or ICD (□) and received two boostera. The first booster was 
given atlcr 2 wk, fbtlQwcd by an additional booster 1 mo dicrcaitcr. Naive 
animuls remamod untreated (□). Animals (^4 mo of age) were sacrificed 
by Cervical dislocation, and their Splenoeytes were oulturcd in vitro wi;h 
Con A, hICD. rICD, or HSPI IO. Control wells were added with ihe com- 
plexe medium, The production of Ag*5pccific IFN-7 {A) or IL^ (5) was 
cvuluoted in an EUSPOT assay using a Vision BLISPOT reader (Carl 
Zeiss). 



the HSPl IQ-ICD complex elicilcd marked IFN-7' (f^ig- 
E>4 (Fig. 1^ secretioa 1^00 in vitro stimulation widi hICD or 
rICD. ICIVspccific IFN-7 sccreUon was significantly greater than 
iCD-spccific IL-4 sccrorion (p ^ 0.02). Additionally, ICD-specific 
IFN-7 secretion was signiflcanily greater Cp = 0*015) against rICD 
ihan that againsi hlCD. There was no TFN-7 or response^ 
against HSPl 10 itself. Mice torn 6-8 wk of age up to 10 mo of 
age were evaluated for the pauem of IFN-y and 01-4 production 
upon in vitro stimulation with Coo A using an ELISPOT assay. No 
marked difference was detected at difrerent ages, indicating thai 
animals were immunocompetent ai the ages tested (data not 
shown). 

HSPIIO-ICD complex protect,^ FVBN202 transgenic mice 
against spontaneous mammary tumor development 
To detcnnine whether the immune responses elicited by HSPl lO- 
ICD complex may protect animals from spontaneous mammaTy 
tumor dcvclopmeni; FVBN202 transgenic mice (eight mice per 
group) were immunised i.p. with the flSPllO-lCD complex 
(25-50 ^g/raousc) at 4-5 mo of age (Fig. 2A) or at 2 mo of ftge 
(Fig. 2B), These times allow comparison of ihe effectiveness of the 
vaccine al an earlier stage when atypical hyperplasia of mammary 
tissues was initiated (2 mo of age) with ttiat at a more progressive 
stage where infiltrating ductal adenocarcinomas were in place, 
which histologically resemble human infilttating ductal maramBiy 
adenocarcinoma (22). Animals then received six boosters (the first 
booster was given 2 wk after priming, and other boosters were 
given once every month). All noninununizcd animals developed 
^onianeous mammaiy tumors by 240-280 days of age when 25% 
(Fig. 2A) or 50% (Fig. IB) of the immunized animals remained 
tumor free. All animals primed at 4-5 mo of age developed tumor 
by 320 days of age, when 50% of those primed at 2 mo of age 
remained tumor free and showed significantly delayed tumOr de- 
velopment by 480 days of age. No significant difference was ob- 
served between i3ie naive and immuni2ed animals in the former 
{p = 0.06), whereas die difference was significant in ihe latter 
(p - 0.003). 

Both CD8^ and CD4^ T cells are imfohed in antitumor 
protection elicited by the HSPllQ-ICD complex 
To determine the T cell subsets involved in the antilumor protec- 
tion, depletion and challenge cjcperiments were conducted. Six- lo 
8-wk-old weeks FVBN202 transgenic mice were immunized with 
the liSPllO-ICD complex, followed by two boa*Jters (the first 
booster was gWen 2 wk after priming, and second booster was 
given 1 mo therearier). Control groups remahicd nonimmuniied. 
Groups of HSPl lO-ICD-immimizcd animals were also depleted of 
CD4"^. CDS"^, or CD4'^/CD8'^ T cells in vivo in Ihc effector phase 
of the immune response by i.p. injecrlon of the mAbs, as described 
in Materials and Methods. All animals were then challenged s.c. 
with a high load (4 X 10* cells/mouse) of the neu-overcxprcssing 
MMTC In the right flank and of the ncu ANV in the left flank. As 
indicated in Fig. 3/1, animals with intact T cells and animals de- 
pleted of CD4'*" T cells revealed marked proieclion againsi lumOr 
growth, whereas naive animals or those depleted of CD4"^/CD8'*' 
T cells developed tumor aggressively. Animals depleted of CDS"^ 
T cells also showed partial protection agamst the tumor challenge, 
but it was markedly {p ^ 0.03) less than that elicited in the ani- 
mals with intect T cells or CD4* depletion. The CD4'*"-deplcted 
animals revealed stronger protection {p ^ 0.02) against the 
MMTC challenge than ihe animals with intact T cells. Boih naive 
and HSPllO-ICD-tmmuiuzed animals that were eliallcnged with 
A>rV developed tumors aggressively (Fig. 3^). 
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FIGURE 2, nic HSPl lO-ICD complex prolccis FVBN2Q2 transgenic miC9 againsc sponumeous mammary adenocarcinoma. Five- (A) or 2-mo-old (B) 
FVBm02 iransgwiic mice (eight mice per group) wcr* immunivd i.p. wiih (ha HSPI 10-lCD complex (■) and boosted six times (ihe first booster was given 
after 2 wk, followed by addidomil boosters once every mOnlh). Control groups = 8) remained nonirtimunizcd (•). Animals were monitored twice weekly 
for the development of apontnncoas mAmmaiy tumora. Student's r test revculed rtO significant dilRfencc between naive and immunized animais in the 
former {A; p ss 0.06), whereas ihe differcnx was sisnlfictinl in (he latter (B; p * 0.003), 



AntUtmi>r protection elkiied by the HSPUO-ICD complex is 
correhied with Thl-typ^ependent IgG2a Ah response 

Since IFN-y was the mfljor cytokine gciwmted upon immunizalion 
with Ihe HSPilO-lCD complex, and CDA*^ T cells revealed a par- 
lial eft'ect against ihe mmor in the chtilJenge studies, wc wontJcred 
whether only a subtype of 004^^ T cells, Thl cells, may be pro- 
tective. To &ddre$fi tSiis question, IgGl (indicative ofTh2 aciiva- 
lion) and lgG2a (iadicative of Thl activation) Ab responses wcr^ 
evaluated in the seta of HSPl lO-ICD-immunizcd animals ihar ei- 
ther eventually developed tumors or remained tumor free. Naive 
(tumor-free or tumor-bcsring) animals were also used as controls. 
As indicated in Fig, 4, naive animals revealed no Ab responses 
against rICD. whereas animals immunized with the HSPllO-ICD 
complex Showed IgGl {A) and J6G2a (B) Ab responses against 
rlCD. Both tunsor-frec and tumor-bearing animals showed similar 
IgOl Ab responses {4\ whereas the IfiG2a Ab response {3) was 
markedly higher in the tumor-tiree animals than in ih« tumor-bear- 
ing animals (/? = 0.002). Mouse anb-HER-2/^ex/ Ab was used aS 
a positive control. No Ab was detected against HSPl 10 itself (data 
not shown). 

Later development of , spontaneous mcmmary wmont in 
HSPIJO-ICD-immunized animals is not due to neu protein loss 

To delermine whether later development of sponumeous mammaiy 
tumors in some Of the immunized animals might be due to neu Ag 
loss under immune pressure, Western blot analysis was performed 
on mammary tumors obtaitied from tumor-beorit^g animals. Naive 
mice and animals immunized with HSPllO-ICD were compared. 
As indicated in Fig. 5. HSPl 10«1CD immunizalion did not result in 
neu Ag loss. Similar expression of neu was detected in the mam- 
mary tumon of naive and immunisctd animals. 

Development of sponianeotds mammary lumors coincides 
elevated numbers of €04^^0025^ regulatory Tc^lh 

To determine whether suppressor T cells may prevent complete 
eradication of mammary tumors following immuni^aciod, FBL 



from tumOT-rree and nimor-bearing animals were subjected to flow 
cytoractry-based analyses. Bodi naive animals (5-7 mo of age; 
Figs. 6, A-C) and animals immunized widi the HSPl 1 0-lCD com- 
plejt (5-12 mo ofage; Fig. 6, D-F) were cvaluawd. The frequency 
of CD4'^CD25'^ regulatory T cells was deiermincd using FITC- 
conjugaied anti-CD4 and P£-conjugaied anti-CD25 mAbs. Naive 
or HSPl 10-ICD-imraunized animals thai developed spontaneous 
mammary tumors, regardless of didr age, revealed markedly 
higher Cl>4"^CD25'^ T cells than tumor-free animals. Results arc 
presented as the MFI (Fig. 6, and Z>, 'J = 4), and representative 
results arc also presented as a dot plot (Fig 6, C, 5, and F), 

Discussion 

In The present study we used the chaperoning propenies of HSPl 1 0 
to generate a noneovalent binding complex with the intracellular 
domain of human HER-2/nez/. This HSPllO-ICD compta was 
then evaluated for iis anritmnor potential In an FVBN202 trans- 
genic mouse that ovcrcjcpresses rat neu oncogene and develops 
spontaneous mammary tumors with many features similar to hu- 
man breast cancer. These transgenic mice tolerate the rieu protein 
and there is no prc-exisung immunity against the neu proiein. 
Therefore, breaking tolerance i$ very difficult in the FVBN202 
transgenic mouse. Wc used hICD since it is 92% identical in amino 
acid sequence W rICD, and this Ag mimicry has been previously 
shown to break tolerance against rat neu protein (23). The antitu- 
mor ability of the PISPllO-ICD complex was evaluated in both 
thcrapcuiic and prophylactic studies. T cell subsets involved in 
antimmor protection were identified and the mechanisms prevenung 
the vaccine fmm completely eradicating mouse mammary tumors 
were evaluated 

We have previously shown that the HSPl 10-lCD complex could 
elicit ICD-specifle immune meponses in A2/ICb transgenic mice in 
which both CDS*^ and 004"* T cells were involved in iCD-spc^ 
cific IFN-y secretion, as determined by dcpleiion of 004"^ and/or 
CDS* T cells in vivo (16). Using irrelevant protein indicated that 
CDS"^ T cells were specific for ICD (16), la the present $iudy we 
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FIGURE 3. Both CDS* ai;d CD4"^ T cells urt involved in anritumor 
protection elicited by IISPIIO-ICD immiuiizucion. Six- xo 8-wk-ald 
FVBN202 transgenic mice (five mice per group) were immunized i.p, with 
the HSPl lO-ICD complex and received two boosters. The iiiBt boo&ler wa5 
given Eitier 2 wk, followed by on additional booster 1 mo tttercafter. Naive 
animals remained untrewed. Groups of HSPllO-ICD'-iinmunized animals 
were also depleted of CDS", or CBAVCWA* T cells by i.p. iiijcc- 
don of iiiAb£ GKUS and/or 2.43 befoxe umor challenge. Anunab werd 
then chnlleneed with MMTC In the right ilonk (A) and ANV in cbc left 
Qank (fl). Animals wens monitored weekly for the development of m»m- 
mory lumors. Siiw:c (here was no protection againar ehaJlcnBe wilh ANV, 
the lesulu from naive and HSPllD-tCD immunized animals (no T cell 
dcplcdon) DTE presented (B)* 



dcmonsiroied that the HSPllO-TCP complex was capable of 
breaking tolerance against rat neu protein, as indicated by inhibi- 
tion of Spotiianeous mamraaiy tumor development as well as gen- 
eration of rICD-spccific IFN-7- and IL4-producingT cells. This is 
very irapoTtani, since unlike the human protein, ihw is no prc- 
exisung imnaunity against the rdt t^eu protein in this transgenic 
model. Itnmunizadon of animals wi± ICD alone did not result in 
Ag-spccific immune responses. Although ihere was no significant 
differcnec between IFN-y and lL-4 production upon Con A stim- 
ulation in vitro, die HSP110-ICD complex induced significantly 
greater IFN-7 than IL-4 production (/> = 0.02). TTiis may indicate 
that IFN"Yi5roduciog T cells arc more important than IL^-pro- 
ductng T cells in anli-tumor immune responses. Similar results 
were reported by orbcrs, showing ihot IFN-y plays a central role in 
protection against mouse mammary tumors (29-31). They r^ 
ported that induced IFN-7 can affect the behavior of ncu-overex- 
pressing tumor cells by uihibitmg iheir angiogenic pbenotypc and 
their proliferation, and down-regulating their membrane expres- 
sion of HER-2//fm/ (31). In addirion, there was no marked differ^ 



ence in lL-4 production against hlCD or rICD, whereas iCD-spc- 
cific iFN-7 production was significantly higher (p = again« 
rlCD than agamst hlCD. This may suggest that once tolerance is 
broken by HSPl 10-ICD irmnuni2ation, overexprcssion of rat neu 
protein In vivo (initiated at puberty) may function as an intcmal 
continuous booster, leading to selective expansion of T cells bcar- 
mg receptors with the highest afiinity for rat neu protein and func- 
tional avidity maturation of Ag-spccific T cells p2). Wc used 
mouse HSPUO in the vaccine complex, and no IFN-y or TL-4 
secretion was detected agamst self HSPllO. This is very impor- 
tant, since breaking tolerance against self HSPl 1 0 could lead td an 
autoimmune renction. 

The ICD-specific immune response elicited by the HSPl 10-ICD 
complex w»s effective against spontaneous mammflty tumors in 
both a iherapcutie and a prophylactic setting. In ihenpcutic stud- 
ies, initiation oFimmuuizarion at an carher stage, Lc., 2 mo of age 
(where atypical hyperplasia of mammary tumors was initiated) re- 
vealed stronger tumor inhibition than at a later stage (when inRl- 
irating ductal adenocarcinomas were in place). This indicates that 
the HSPl 10-ICD complex was more effective at earlier stages than 
at the progressive smge of mammary carcinomus. Others havts also 
indicated thai antitumor provccti<>n was evident when immuniza- 
tion started at 2-3 mo of age, but not at 6 mo of age (22). Depletion 
studies at the effector phase of the immune response revealed diat 
both CDS'*' and CD4**' T cells were involved in the protective 
eficot obtained against the mammary tumor. These T cell re- 
sponses were Afi Specific, since both naive and HSPllO-ICD-im- 
mtmizcd animals revealed no antitumor protection against Chal- 
lenge wilh the ANV of MMTC. Animals depleted of CIH^/CIDS'^ 
T cells, but with intact NK cells, revealed no protection against 
challenge with MMTC. This indicates that CD4* and/or CDS*^ T 
cells were involved in antitumor protection whereas the presence 
of NK cells did not protect animals against tumor development. 
CD8* -depleted animals revealed less protection upon tumor chal- 
lenge than animals wilh intact T cells or those depleted of CD4* 
T ceUs. Inlcrcslingly. anhnals depleted of CD4"^ T cells revealed 
the strongest proieciion against tumor challenge even compared 
with those wilh intact T cells. Together, these results suggest that 
CDS"^ T cells are more important than CD4"" T cells in antimraor 
hnmunc responses against mouse mammary tumor. Wc performed 
depletion studies in a prophylactic tumor ^tting, since it is not 
feasible to deplete CD4^ and/or CDS"^ T cells in vivo in a spon- 
taneous tumor setting due 10 a longer experimental period (>1 
year). Therefore, results obtained fi-om depletion studies may not 
be directly applicable to the sponmneous ounor setting, However, 
die present findings are consistent with our previous smdies, which 
demonstrated that botii CO^^ and CDS'"' T cells were involved in 
ICD-specific immune responses (16). In the present studies while 
CDS*^ T cells fiiUy protect animals against tumor challenge, partial 
protection by CD4"^ T cells may indicate that the latter have a 
double fimction, for and against tumor challenge. IL-4-secreting 
Th2 cells may favor tumor growth, and lFN->^scereting Thl cells 
may have antimmor function. This may explain the increHfittl 
lgG2a Ab (indicative of Thl response) titers in the sera of mmor- 
&ee animals, whereas tumor-bearing animals revealed decreased 
lgG2a Ab liters. Since ICD \» an intracellular protein and Abs 
could not access this Ag within the cell, Ig02a Ab may be more 
indicative of Thl -type protection than direct Ab protection. This 
finding is consistent wilh other reports indicating that elevated 
IgC2a Ab is corrclaicd with antitumor protection in FVBN202 
nransficnie mice (51). Additionally, Thl celts arc responsible for 
the secretion of TFN-7, which was the m:yor cytokine secreted in 
an ICD-specific fashion. No ncu-spccific Ab response was detected 



PAGE 23/43 ' RCVD AT mi)4 5:40:02 PM [Eastern Daylight Time] ' SVR:USPT0^XRF-1/r 



06-02-2004 01:55PM FIWfcIhGatas & Cooper LLP 



+13106418798 T-612 P. 024/043 F-731 



The Journal of Immunology 



4059 



fIGURE 4. Andumor protcclion elicited by the 
HSPUO-ICD complex is correlated wilh Thl-iypc- 
dependcnt lgG2a Ab response. Two-month-old 
FVBN202 transgpnic animals (four mice per group) 
wertf ImmuniaEcd wiih ihe HSPHWCD complex and 
boosid ihree times (die fiist booster wa» tjiven after 2 
wk, followed by additionul boosters once cvoy mornh). 
Control groups remained nonimmunized. Sera were 
collcoed tiioiii tumor-firt naivo BnimaU (3^4 mo of 
age). lumo^bcfIru1£ naive onHinals (6-tI mo ofage). and 
lunior-(j«e or trnnor-bcoring HSPI lO-lCD imrtuniapd 
nnimals C9-12 mo of age). Sera were subjected to 
ELISA ID dclermine rlCD- or HSPHO-spcciflc JgOl 
04) and IgC2a {B) Ab responses. Mo Ab was detected 
sgninst HSPI 10 (data not iihown). Rc&uhs are presented 
OS tneati Ab dtcrs. Mouse anii-HER-2/neu Ab was used 
05 u positive connDL 




la naive animals regardless of whether they were carrying the tu- 
mor. Again, this indicates that FVBN202 iransgenic mice lolemce 
ihc lumor. We have previously shown that HSPI 10 in a complex 
with TCO could generate TCD-specific Ab rcsponstss in A2/Kb 
transgenic mic^?. Others also reported that gp96 isolated from a 
syngeneic cell line transduced with BHV-I glycoprotein D in- 
duced glycoproiein D-specific Abs (33). However, we used recom- 
binant HSPllO rariier than cell-derived HSPI 10, and then loaded 
it wilh a large Ag. ICD, which comprises numerous epitopes, in- 
cluding Th epitopes as well as B cell defined epitopes. Therefore, 
the induction of Ab responses in our system usmg largo protein as 
an Ag is easier than that using cell-derived HSPs that may or may 
not cany Th or B cell defined epitopes. 

Why does immunodicrapy in general and HSPI 10-ICD complex 
in particular fail lo completely cradieaie mammary mmors? Is it 
because of tumor eacflpe or failure of the imraune system? We 
CTtplored whether FVBN202 transgenic mice immunized With the 
HSPllO-ICD complex that cvcniually developed spontaneous 
mammary tumors (wilh a marked delay) might lo&e neu expression 
due to immune pressure and thereby escape andtumor inmiune 
responses. Using Western blot analysis of ihe tumors, wc delected 
similar levels of ncu protein expression in tumor-bearing naive and 
immunized animals. We also conducted RT-PCR analyses of RKA 
isolated from mummaty tumors and did not detect neu loss at the 
transcription level (data not shown). These data indicated (hat later 
development of spontaneous mammary tumors was not due to neu 
Ag loss. Since we detected TCD-specific lL-4 secretion in HSPI 10- 
ICD-imrnunized animals and depletion of CO^"^ T cclb resulted in 
better protection against challenge with MMTC, we explored 
whether a subset of CD4* T cells, Th2 cells, might be involved in 
determining ihe outcome of HSPllO-ICD Immunotherapy. It was 
previously shown that breast cancer padcnts had elevated numbers 
of 004*0025"^ regulatory T cells [Th2 cells) compared with 
healthy individuals (26). Therefore, we evaluated the CD4^ 
0025"^ T cell population in both mmor-ftee and tumor-bearing 
animalii to determine whether these suppressor T ceils may be 
elevated in tumor-bearing animals. Interestingly, we detected ele- 
vated numbers of CD4*Cn)25"^ regulatory T cells in PBL of most 
tumor-bearing animals, but not in PBL of lumor-iree anunals. The 
presence of these regulatory T cells may account for the secretion 
of IL-4, as detected by ELISPOT assay. It may also explain the 
stronger uniiiumor protection in CD4'*"-depleted animals than in 
CDS^-dcplctcd animals. Depletion of CCK"^ T ccUa would depJgte 
Thl and Th2 cells where C3DS"** T cells remain intact and may 
funcuon better against the mummary mmor in the absence of Tb2 
regulatory T cells. On the other bund, ihe presence of Th2 cells 



would suppress the tuiiitumor fiinctioo of both CDS"*" T cells and 
Thl cells, leading to the development of tumor at a Iftier time. It 
was reported tb^l ihe prevalence of C04^CD25^ regulatory T 
cells was significanUy higher in the PBL of breast cancer patients 
compared with normal donors (26). Wc niso observed thai immu- 
nization of animals after surgical removal of aggressively growing 
mammary tumors foiled to protect animals against mmcr relapse 
(data not shown). This may indicate that initiation of immunization 
in the presence of elevated C:^)4*CD25* regulatory T cells would 
fkil to inhibit tumor development. It was previously shown that 
repetitive antigenic stiitralalion of T cells could generate 004"^ 
regulatory T cells (34); therefore, ncu ovcrcxpression in vivo may 
function as repetitive stimulation for ihe generation of regulatory T 
cells. This hypothesis remains to be investigated. CD4'^CD25'^ 
regulatory T cells are engaged in the maintenance of immunogenic 
sclf-iolerance by actively suppressing the activation and expansion 
of self-reactive T lymphocyiiss that may cause autoimmune dis- 
ease. The majority of dicsc regulatory T cells cOnstimrivcly ex- 
press CD25. To date, numerous approaches have been used in the 
Iraratmothcrqjy of cancers; hoover, little success has been 
achieved. This failure has been shown in several cases lo be as- 
sociated vvith die presence of C£>4'*"CD25'^ regulatory T cells (35- 
37), These regulatory T cells constilutively express CTl-A-4 and 
Suppress Ag-specific and polyclonal activation and proliferation of 
other T cellfi. including CTLA-4-deficlcnt T cells (3S, 39). These 
regulatory T cells also suppress the antitumor fimction of effector 
004"^ (Thl) and CD8*^ T cells, thereby preventing complete erad- 
ication of tumors (35, 36, 40). Therefore, this necessitates design- 
ing strategics to overcome these refiularoiy T cells lo improve 
active specific Inomunothempy of cancers. The Ags that may se- 
lectively up-regulate such suppressive T cells need to be identified. 



N I 
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FIGURE S. HSPI Ifr-TCD immunization docs not result in ncu Ag loss. 
Seven- to lO-mo^W tumor-bearing FVBN202 transgenic mice (naive or 
HSPllO-ICD immunlzefl) were sacririced, mammary nimoRt were re- 
moved from both naive (N) aiul immunized (1) mice, lumor lyaates were 
prepoied. and ihft oxppcsBion of the neu protein was examined by Western 
bio I analysis using mouse uiti-H£R-2Mett Ab. 
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FIGURE 6. DevclQpmcni of spomancous mammnry luraOfS in llw presence of ekvawd Cl^^"^ CDIS^ regulatory T cells. Naive minor-free or tunwr- 
bcaring FVBN202 transgenic mice {A~Q Qnd animals immunized wiih rtw HSPl 10-lCD complex and remaining wmor free or cv«nwally developing 
tumors (D-f) were evaluated for the presence of CD4* 0025"" rCBulatary T cells in their PEL using PE-COnjugnicd imd-CD25 and FlTC-COnjugatcd 
anti-CD4 Abs in ft flow cytomctiy-buscd analyses, RcsulCs arc prcscalcd as tllC MFT (n = 4). Repr«senmive rcsullS ar« also preaenled as a dot plot (J? and 
C, £ and iO to demOnStrato Oiat the MFI reaeClS tlie numl>cr of suppressor T cells. 



The findings described here support Ihc use of HSPllO-ICD 
vf»Ccin&iion in the trcatinenl Of patients with cancers ovcrexpress- 
ing HER-2//I These findings also suggest that IFN-y^crctins T 
cells are protective Bfiamst mouse mammwy lumors, whereas IL- 
4-s?cic(ing T cells may suppress oncimmor immune responses. Up- 
regulation of CD4"^ GDIS* regulatory T cells in tumor-bearing 
animals suggests thai these immunotherapeudc approaches may 
need lo include strategies to overcome the immunosuppressive 
function of these regulaioiy T cells, There are other suppressor T 
cells, such as CDS"^ T cells and yS T cells, that need lo be itives^ 
tigoted to detenxdne dieir roles in the tumor-immune syfitem in- 
teraction. Finally, the P/6N202 transgenic model examined here 
represents a *1ug}i bar"* for evaluation of the vaccine. These mice 
arc imder continuous genetic pressure for tumor development. In 
this respcet, the results described here demonstrate a significant 
antitumor aeUvity of the HSPllWCD complex. 
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